Relationships Between Oleic and Linoleic Acid Content and Seed Colonization by
Soybean (Glycine max (L.) Merr.) genotypes with mid-oleic acid content in the seed have been developed as a response to the changing concerns and needs of industry, agriculture and the consumer. Genotypes that produce seed with mid-oleic acid content (50 to 60%, compared with the 20 to 25% seed oleic acid content in standard soybean cultivars) also have reduced linoleic and linolenic acid content and yield oil that is more nutritionally healthful and oxidatively stable (21) . Anecdotal field observations suggest that some mid-oleic soybean genotypes may have increased susceptibility to fungal pathogens during late seed development compared with standard cultivars. Cercospora kikuchii (Matsumoto & Tomoy), the causal agent of purple seed stain (11, 12) , and Diaporthe phaseolorum (Cooke & Ellis) Sacc. var. sojae, a causal agent of Phomopsis seed decay (16, 18) , are widespread and agriculturally important soybean seed pathogens. The level of seed colonization by these fungi can be an important factor for seed quality evaluation and has, in cases of severe infestation, negatively impacted the economic return to soybean farmers (17) . Moderate to severe levels of infection can result in reductions in seed grade, decreased rates of seed germination, and lower quality meal and oil.
Although relatively little is known about the constituents of soybean seed that affect susceptibility to fungal pathogens, one report does suggest that seed proteins may contribute to the seed-C. kikuchii interaction. Experiments demonstrated that soybean seed proteins induced the production of the phytotoxin cercosporin, a virulence factor, and altered gene expression in this pathogen (7) . More evidence, however, suggests that it is the lipid components of seed that substantially regulate the interaction of fungal pathogens with soybean seed. Experiments with soybean cotyledons demonstrated that the application of lipase from Aspergillus flavus Link resulted in the generation of the aldehyde hexanal by the seed lipoxygenase pathway, and fungal spore germination was inhibited (6) . The addition of linoleic and linolenic acids but not oleic acid to soybean homogenates also inhibited spore germination. Significant correlations were reported between the fatty acid composition of seed of soybean cv. Asgrow 3834 and the percentage of these seed infected with Phomopsis spp. in the field (23) . Increased seed infection was significantly (P < 0.05) positively correlated with linoleic and linolenic acid, and negatively correlated with palmitic and oleic acid levels. Recently, in vitro ergosterol assays were used to quantify the colonization by C. kikuchii and D. phaseolorum of soybean seed from genotypes with different oleic and linoleic acid contents. C. kikuchii seed colonization was greater in the higher oleic and less in the higher linoleic genotype, whereas colonization by D. phaseolorum was significantly greater in the higher linoleic and lower in the higher oleic acid genotype (26) . The latter experiment demonstrated that seed fatty acid composition could alter the soybean-fungal interaction but did not take into account the potential complicating effect that the differing genetic backgrounds of the soybean genotypes used could have on colonization.
To address this complication and to examine the intrinsic effect of seed fatty acid composition on one component of pathogen susceptibility, soybean seed colonization, we used temperature manipulation during seed development to produce isogenic seed with different oleic and linoleic contents. Fungal ergosterol measurements and a protocol similar to the one designed to measure the influence of the high-oleic trait on the ability of peanut to support postharvest production of aflatoxin by A. flavus (24, 25) were used to evaluate the effect of differing oleic:linoleic acid (O/L) ratio on C. kikuchii and D. phaseolorum colonization of postharvest-inoculated soybean seed.
MATERIALS AND METHODS
Plant cultivars and plant growth. The two soybean lines N0304-303-3 and N0304-303-7 were provided by J. W. Burton, Agricultural Research Service Soybean & Nitrogen Fixation Unit, North Carolina State University. These are F4-derived lines from the third backcross of the mid-oleic line, N00-2989, to N97-3120. N97-3120 is a low-palmitic lowlinolenic F5-derived line from N87-2117-3 × Brim (1). The oleic acid content of ma- Compared with standard cultivars, seed of mid-oleic soybean genotypes sometimes have shown increased colonization by Cercospora kikuchii in the field as judged by increased levels of purple-stained seed. To examine relationships between oleic and linoleic acid levels in soybean seed and postharvest seed colonization by two fungal seed pathogens, we inoculated seed with differing oleic:linoleic acid (O/L) ratios. Seed with defined O/L ratios were produced by allowing seed development of two isogenic soybean lines to occur in three different air temperature environments. Seed produced in these environments were harvested, individually analyzed for fatty acid composition, and inoculated with mycelium preparations of the fungal seed pathogens C. kikuchii or Diaporthe phaseolorum var. sojae. Fungal biomass of infected seed was quantified by measuring in vitro ergosterol content. For both soybean lines, colonization by C. kikuchii was positively correlated with the O/L ratio (r = 0.55, P < 0.03) and oleic acid content (r = 0.61, P < 0.02), and negatively correlated with linoleic (r = -0.60, P < 0.02) and linolenic (r = -0.58, P < 0.03) acid content. No association was found between the extent of seed colonization by D. phaseolorum and the seed O/L ratio. Our data suggest that the O/L ratio may be related to soybean seed colonization by C. kikuchii, but there is no evidence of a relationship with D. phaseolorum var. sojae colonization.
ture field-grown seed of the cultivars was N3034-303-3, 57.4% and N3034-303-7, 35.0%. These oleic acid levels are significantly higher than the usual 20 to 25% found in seed of standard cultivars (21) . Seed were pregerminated and planted in 25-cm pots containing a standard growth mix and grown at the Southeastern Plant Environment Laboratory (Phytotron), North Carolina State University. Ten pots (two cultivars by five replications) were arranged in a randomized complete block design in each of three growth chambers. Pots were watered with deionized water twice daily and with Phytotron nutrient solution (13) Fungal growth and inoculation. C. kikuchii ATCC 86864, a toxigenic strain, provided by J. B. Sinclair (University of Illinois, Urbana) and D. phaseolorum isolate DPM, obtained from the National Soybean Pathogen Collection Center, University of Illinois, Urbana were grown and maintained on potato dextrose agar (PDA; Difco Laboratories, Detroit) using hyphal tip transfer. To produce liquid cultures, two 5-mm agar plugs were taken from the periphery of a 4-day-old fungal colony and homogenized by vortexing (10 min) in a sterile screw-top tube that contained 4 ml of sterile water and 2.5 cm of sterile 4-mm glass beads. Each suspension (1 ml) was inoculated into 50 ml of PD medium in a 125-ml flask. Liquid cultures were agitated (180 rpm) at 23°C in a lighted incubatorshaker. On day 4, the mycelial mass was fragmented in a blender by blending the entire fungal culture at top speed for 20 s, pausing for 10 s, then blending again for 20 s. The mycelial fragments were harvested by vacuum filtration, dried on the filter for 5 min, and weighed on an analytical balance. A standardized suspension for the inoculum was produced by adjusting mycelial weight to approximately 2 g per 100 ml in sterile water, followed by mixing. Cotyledons were separated and surface sterilized by immersion in a 0.5% solution of NaOCl for 5 min followed by three rinses in sterile water. The cotyledons then were placed on the top surface of a stack of three 2.5-cm discs of sterile P5 filter paper (Fisher Scientific, Pittsburgh). Cotyledons were inoculated with a 5-µl drop of the mycelium suspension of the pathogen or mock inoculated with a 5-µl drop of sterile water as a control. Singleinoculated or control cotyledons were enclosed in 3.5-cm-diameter sterile plastic petri dishes. Petri dishes were arranged on trays in a randomized complete block design. Each tray was enclosed in a plastic bag to maintain humidity and incubated for 7 days in a 23°C chamber with a cycle of 12 h of fluorescent light and 12 h of darkness. Experiment design for postharvest seed colonization studies with each pathogen was as follows. For each O/L ratio seed class, an experimental unit consisted of five cotyledons inoculated with the pathogen and five cotyledons mock inoculated with sterile water. This experimental unit was replicated three times in an experiment and the experiment was repeated. Thus, for each O/L ratio seed class inoculated with a single pathogen, a total of 60 observations was recorded. On day 7, cotyledons were lyophilized to obtain a dry weight measurement, then each ground to fine powder and stored separately frozen until extraction for ergosterol. Fungal growth was estimated by measuring ergosterol content as described by Xue et al. (26) .
Analysis of seed fatty acid composition. Fatty acid methyl esters (FAMEs) of seed chip samples were prepared for acid methanolysis (27) . Approximately 25 mg of seed tissue was heated to and held at 85°C for 90 min in a 5% HCl-95% methanol solution. FAMEs were partitioned 2× into hexane and transferred to 2-ml vials for analysis. The FAMEs were separated by gas chromatography using an HP 6890 GC (Agilent Technologies, Inc., Wilmington, DE) equipped with a DB-23 30-m-by-0.53-mm column (same source). Operating conditions were 1-µl injection volume, a 20:1 split ratio, and He carrier gas flow of 6 ml min -1 . Temperatures were 250, 200, and 275°C for the injector, oven, and flame ionization detector, respectively. Chromatograms were analyzed using HP ChemStation software (Agilent Technologies, Inc.). Fatty acid contents were calculated from chromatogram peak areas expressed as milligrams of fatty acid per gram of oil. Five seeds were chosen for each soybean line-temperature combination (experimental unit) based on the similarity of fatty acid profiles from chips taken from individual seed.
Ergosterol assay. Powdered inoculated and mock-inoculated cotyledon samples (approximately 100 mg) were extracted overnight at room temperature with 2 ml of chloroform:methanol (1:1). Ergosterol extraction was done in 1-dram brown glass, teflon screw-top sealed vials on a shaker (180 rpm) as described by Gilbert et al. (8) . The top 500 µl of the extract was removed from the vial, avoiding particulates, and passed through a 0.45-µm syringe filter. Samples were stored at 4°C until analysis by high-performance liquid chromatography. Samples (20 µl) were injected and analyzed using a Hewlett Packard 1050 automated sampling instrument. An isocratic program was run at room temperature using a mobile phase of 100% methanol at a flow rate of 1 ml/min. The 4.6-mm-by-25-cm C 18 column with guard was supplied by Alltech Associates, Inc (Deerfield, IL). Absorbance was monitored at 282 nm. Ergosterol eluted at about 10 min and was identified by comparison of the retention time with that of an authentic ergosterol standard supplied by Aldrich (Milwaukee, WI). A standard curve obtained by analyzing a series of ergosterol dilutions produced a highly significant linear relationship between ergosterol concentration and the peak area (r 2 = 1, P < 0.001). Calculations were done to express ergosterol as micrograms per gram of cotyledon dry weight. Statistical analyses. Data were subjected to analysis of variance using the general linear model procedure (PROC GLM) of SAS (version 9.1; SAS Institute, Cary, NC). Means were separated by Fisher's protected t test using an α level of 0.05. Correlations between independent variables (seed fatty acids) and the fungal biomass marker ergosterol, the dependent variable, were calculated with the PROC CORR procedure in SAS.
RESULTS

Temperature manipulation to produce seed with different O/L ratios.
Temperature manipulation during seed development produced three mature seed fatty acid types for each of the two soybean lines, N3034-303-3 and N0304-303-7 (Table 1) . For both lines, increasing growth temperature (D/N = 22/18, 26/22, and 34/26°C) during pod fill significantly increased oleic acid (P < 0.0001) and the O/L ratio (P < 0.0001), and significantly decreased linoleic (P < 0.0001) and linolenic acid (P < 0.0001) concentrations in the seed. The palmitic and stearic acid content in seed of both lines decreased with increasing temperature, but these changes, similar and relatively small in magnitude, were generally significant (P < 0.006) only between the 26/22 and 34/26°C treatments. Seed of both lines produced in the cool environment (22/18°C) had similar profiles for all five fatty acids and the O/L ratio. Seed of both lines produced at 26/22 and 34/26°C had similar patterns of change for oleic, linoleic, and linolenic acid contents and the O/L ratio, but the response of N3034-303-3 to increasing temperature was more dramatic compared with the response of N0304-303-7. This difference in response to temperature is illustrated by the O/L ratios achieved with N3034-303-3 (0.42, 0.79, and 1.86) compared with those of N0304-303-7 (0.43, 0.62, and 0.72).
Relationships between ergosterol content of seed colonized with C. kikuchii and seed fatty acid content. Colonization by C. kikuchii of N0304-303-3 and N0304-303-7 seed with different O/L ratios was quantified by measuring the ergosterol content of inoculated seed as described by Xue et al. (26) . For both soybean lines, seed colonization by this pathogen increased with increasing O/L ratio (increasing oleic acid, decreasing linoleic acid; Table 2 ). Linear correlation analysis (SAS PROC CORR) was conducted for each soybean line to determine how seed fatty acid composition and colonization of seed by C. kikuchii were related (Table 3) . Ergosterol accumulation for N0304-303-3 was not correlated with palmitic (P < 0.69) and stearic (P < 0.65) acid but it was positively correlated with the O/L ratio (r = 0.54, P < 0.04) and the oleic acid content (r = 0.62, P < 0.01), and it was negatively correlated with linoleic (r = -0.62, P < 0.01) and linolenic acid content (r = -0.60, P < 0.02). Results for N0304-303-7 were similar for five of the six fatty acid parameters ( Table 3 ) and showed that ergosterol accumulation in C. kikuchii-inoculated seed also was not correlated with palmitic acid, was positively correlated with the O/L ratio and the oleic acid content, and was negatively correlated with the linoleic and linolenic acid contents. N0304-303-7 differed from N304-303-3 in that ergosterol accumulation also was negatively correlated with stearic acid content (r = 0.60, P < 0.02).
Relationships between ergosterol content in seed colonized with D. phaseolorum and soybean seed fatty acid content. Quantification of D. phaseolorum colonization of N0304-303-3 and N0304-303-7 seed with different O/L ratios also was estimated by measuring the ergosterol content of inoculated seed (Table 2) . Much larger variations in ergosterol content were observed in seed inoculated with D. phaseolorum compared with seed inoculated with C. kikuchii and no clear trends were observed for fungal colonization of seed fatty acid constituents. A linear correlation analysis (SAS PROC CORR) of each soybean line (Table 4) indicated that seed colonization by D. phaseolorum was not correlated with any seed fatty acid component or the O/L ratio.
DISCUSSION
We used this approach in an attempt to avoid problems associated with the use of seed from soybean genotypes differing both in genetic background as well as fatty acid profile. Our use of temperature manipulation was based on the results of research demonstrating that temperature can control the fatty acid composition of soybean seed. Field research (9, 10, 14, 15) has shown that oleic, linoleic, and linolenic acid levels of soybean seed are particularly vulnerable to differences in environmental temperature. Controlled growth-chamber experiments (2,22) have shown that linoleic and linolenic acid levels decrease but oleic acid increases as temperature increases. Several mechanisms are likely to be involved in the temperature regulation of fatty acid composition of storage lipid in soybean seed. Higher growth temperatures have been shown to decrease oleate and linoleate desaturase enzyme activity (5) and desaturase gene expression (2), resulting in increased oleic and decreased linoleic or linolenic acid content in seed. In addition, two post-translational regulatory mechanisms, elevated-temperature-induced instability of the oleate desaturase isoform 1-A and phosphorylation of both oleate desaturase isoforms 1-A and 1-B (19), likely play important roles in modulating the activity of oleate desaturase.
By quantifying seed colonization by measuring the accumulation of the fungal biomass marker ergosterol, we demonstrated that increasing oleic acid content and O/L ratios in seed is related to seed colonization by one of the pathogens, C. kikuchii. However, although seed of both soybean lines with higher oleic and lower linoleic (and linolenic) acid content supported a significantly higher level of fungal growth, variation between the two related and highly inbred lines was observed. Seed colonization for almost identical O/L ratios differed between the two lines. At a mean O/L of 0.42, N0304-303-3 ergosterol content was a mean of 55.8 µg/g. At a mean O/L of 0.43, N0304-303-7 ergosterol content was 30.2 µg/g. The O/L ratios achieved by temperature manipulation of the two lines, although of similar trend, differed with a less dramatic numerical range for N0304-303-7 compared with N0304-303-3. In contrast, using the same experimental design and data analysis, we did not establish a clear association between the extent of seed colonization by D. phaseolorum and the seed oleic and linoleic acid content. This result initially was surprising because previous research indicated that higher linoleic (and lower oleic) acid was related to increased seed colonization by this pathogen (23, 26) . Explanations for the difference in results reported here and in the two previous studies may be that the D. phaseolorum-seed interaction is sensitive to genetic background components that differ among the soybean cultivars or the variability in the pathogen isolates used in the different studies.
The comprehensively studied oilseedfungal pathogen interaction between peanut (Arachis hypogaea L.) and Aspergillus spp. showed that the effects of fatty acids and fatty acid derivatives on fungal development can be complex. Higher oleic acid content in peanut seed destined for oil extraction is, as for soybean, a desirable trait for producers and consumers. However, laboratory experiments show that peanut seed with high oleic acid content (80% oleate) supported nearly twice as much postharvest production of the polyketide carcinogen, aflatoxin, as normal lines (24, 25) . Linoleic acid and plantderived linoleic acid derivatives also have specific effects on the development of Aspergillus spp. that are likely to be important for the ability of this pathogen to colonize peanut seed. These effects include the induction of increased sporulation in Aspergillus flavus and A. parasiticus (Speare) and altered sclerotium production in A. flavus (3,4). An Aspergillus mutant unable to produce linolenic acid demonstrated delayed spore germination, reduced growth, a reduced level of sporulation, and a complete loss of sclerotial development compared with the wild type (20) . Colonization of peanut seed by the mutant was impaired compared with the wild type. Thus, relatively low levels of linoleic acid in the seed could repress seed colonization but stimulate aflatoxin production. In the C. kikuchii-soybean seed interaction, higher seed oleate appeared to stimulate seed colonization; however, the effects of oleate and other fatty acids on Cercospora sporulation are unknown and will be the subject of future research.
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